Stanene, composed of tin atoms arranged in a single layer, is the tin analogue of graphene and past studies predicted it to be a topological insulator. An energy band gap (of ∼ 0.1 eV) was obtained in previous calculations for the buckled honeycomb structure of stanene and, thus, phonon-mediated superconductivity in this material is ruled out. In this work we investigated, from first principles calculations within density functional theory (DFT), the possibility of producing phonon-mediated superconductivity in stanene by doping the material. It was found that doping with calcium (lithium) leads to superconductivity, albeit, with a very low superconducting transition temperature T c of ∼ 0.7 K (∼ 1.3 K), even lower than the value (3.7 K) for bulk β-Tin. 
I. INTRODUCTION
Stanene is a two dimensional sheet composed of tin (Sn) atoms arranged in a honeycomb lattice, similar to graphene. Ab initio calculations 1 indicate that, unlike graphene, a lowbuckled configuration of stanene is more stable compared to the planar geometry. This is as a result of the weak π − π bonding between the atoms. The buckling enhances the overlap between π and σ orbitals and stabilizes the system. 2 Theoretical studies indicate that free standing stanene is a zero band gap semiconductor in the absence of spin orbit coupling (SOC). The inclusion of SOC leads to a band gap of about 0.1eV. 2, 3 Chemical functionalization has been predicted 2,3 to be capable of increasing the band gap to up to 0.35 eV.
With this capability of tuning its bandgap, stanene could be useful as a semiconductor in low-power-consumption electronics.
From the predicted electronic zero/non-zero band gap of stanene, one can conclude that phonon-mediated superconductivity is not possible in this material, just like its carbon counterpart graphene is not superconducting. Recently, some calculations 4 have, however,
shown that superconductivity can be induced in graphene by n-doping at a carrier density exceeding 10 15 cm −2 . Superconductivity has been produced in graphene by doping its surface with alkaline metal ad atoms. 5, 6 This is reminiscent of the induction of superconductivity in graphite intercalated compounds (GICs). 5 Specifically, it was found that lithium-covered graphene has a higher superconducting transition temperature T c than its calcium-covered counterpart unlike the situation in GICs where the opposite is the case. 
II. METHODS
We first determined the optimum structure of stanene and computed its electronic band structure. The calculations were performed using Density Functional Theory (DFT) with the gradient corrected exchange correlation functional of Perdew, Burke, and Ernzerhof (PBE).
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The QUANTUM ESPRESSO 11 suite of codes was used. Plane waves with a kinetic energy cutoff of 55 Ry were used in expanding the wavefunctions and core electrons were excluded through the use of a norm-conserving pseudopotential. 12 We inserted a vacuum layer with a width larger than 20Å in the non-periodic direction of the system. Since the material under consideration is a semimetal, the electronic properties were determined by integration in the first Brillouin zone (BZ) using a Gaussian smearing having a width of 0.05 Ry.
All configurations and their respective atomic positions were optimized ensuring that the maximum force on any atom was smaller than 10 −4 eV/Å. The electronic band structure was calculated along the path connecting the special high symmetry k-points Γ, M, K in the first BZ as shown in Sect. III below. The electronic density of states (EDOS) was computed using a finer mesh of the first BZ with electron momentum of 27 × 27 × 1 and 21 × 21 × 1 for stanene, and doped stanene respectively.
Next, the phonon band structure and phonon density of states (PDOS) were calculated in the framework of density functional perturbation theory (DFPT) as implemented in the QUANTUM ESPRESSO codes. 13 These calculations showed, among other things, the sta-bility of the buckled stanene structure. The electron-phonon coupling (EPC) constants λ were also determined but only for doped stanene since undoped stanene does not superconduct. The necessary summations over the electron momenta and phonon momenta (see Eqs. 4 and 5 below) in computing the EPC constants were carried out using an electron momentum mesh of 32 × 32 × 1 and a phonon momentum one of 8 × 8 × 1.
We used the following formula by Allen and Dynes 14 to determine the superconducting transition temperature T c :
where, ω log , λ and µ * are the logarithmic average of the phonon energy, electron-phonon coupling constant and the electron-electron Coulomb repulsion parameter, respectively. The first two quantities were calculated as:
where, the Eliashberg function α 2 F is given by
The terms that appear in the expression are defined as follows: i.e.,
III. RESULTS AND DISCUSSION
The optimized lattice parameters are shown in Table I Next, we present the electronic band structure and the electronic density of states of free standing stanene. The band structure and the density of states in Fig.2 are in good agreement with the results of Broek et al. 3 The figure clearly shows that stanene has a Dirac point at K similar to the case in graphene. Thus, it is a zero band gap material.
Our calculations did not include spin-orbit coupling (SOC) effects. It is known that SOC opens up the gap by about 0.1 eV at the K point. In either case, with or without SOC, the electron density at the Fermi level is very low for stanene. Consequently, free-standing stanene cannot superconduct due to a lack of carriers at the Fermi level that can participate in Cooper pairing.
A first attempt towards making stanene a superconductor is to assume phonon mediated superconductivity and mimic the way in which its two dimensional counterpart, graphene was made superconducting as reported in Refs. 5,7,16. Hence we doped stanene with an electron donor, in this case with Lithium and Calcium, respectively, in order to create an electron rich Fermi surface. Electrons at the Fermi surface can then form Cooper pairs and make the material superconducting.
We placed Lithium atoms and Calcium atoms in turn on stanene as shown in Fig. 1 and optimized the resulting structures but with the fixed lattice constant (a = 4.64Å) obtained for free-standing stanene. The optimized structure of Lithium (Calcium) doped stanene reveals that the structure is stable when Lithium (Calcium) atoms were placed at 1.75 (2.24)Å above the stanene plane. No imaginary frequencies were seen in the computed phonon dispersion curves (see Fig. 5 ).
The electronic band structures of Lithium-doped and Calcium-doped stanene are shown in Fig. 4 . From the figure, it is clear that carriers are now available near the Fermi surface in contrast to the situation with free-standing stanene (Fig. 2) .
A. Eliashberg spectral function and electron-phonon coupling constant
The Eliashberg spectral function α 2 F (ω) and the electron-phonon coupling constant λ(ω)
are plotted as functions of the phonon energy ω in is straightforward to determine which phonon modes correspond to each of these regimes.
However, for those with q = 0, it is difficult to unravel the phonon modes that contribute the most to a given phonon energy. Thus, it is difficult to determine the modes that enhance λ the most since all the wavevectors in the first Brillouin Zone contribute to the sum in Eq. 4.
The interaction between the electrons and the low energy phonons contribute more than 70% to the EPC. The remaining ∼ 30% comes mainly from the electronic coupling with the intermediate energy phonons. In general, we expect that out-of-plane vibrational modes of stanene couples with the π * and interlayer states to produce superconductivity in the doped system. Table II shows the results obtained from the calculations. We adopted a value of µ * = 0.13
B. Transition Temperature
for the Coulombic repulsion parameter as this value reproduced, in a previous ab initio calculation, 17 the experimental T c of bulk white Tin. Our results follow the trend of transition temperatures T c observed by Profeta et al. 5 with regard to the ad atoms on a graphene sheet.
That is, the ad atom that gives the highest T c is the one whose height above the plane is smallest. From Table II , we see that the height δ of the ad atom above the stanene plane is smaller for Lithium doped stanene LiSn 6 than for its Calcium doped counterpart CaSn 6
and, as expected, T c for the the former (1.3 K) is higher than that of the latter (0.7 K). One may argue that the value of the Coulomb repulsion parameter used in the bulk case might be different from that for the 2D system. In Fig. 7 we In conclusion, we reported our results on phonon-mediated superconductivity in Lithium and Calcium doped stanene. We presented the electronic band structure, predicted the Eliashberg spectral function α 2 F (ω), and showed the contribution of the phonons to the total electron phonon coupling coefficient λ. Our results reveal that superconductivity can be induced in stanene by doping it with alkaline and alkaline earth atoms. We found that 
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